A very small fraction of the proteins required for the propagation and function of mitochondria are coded by their genomes, while nuclear genes code the vast majority. We studied the migration of genes between the two genomes when transfer mechanisms mediate this exchange. We could calculate the influence of differential mutation rates, as well as that of biased transfer rates, on the partitioning of genes between the two genomes. We observe no significant difference in partitioning for haploid and diploid cell populations, but the effective size of cell populations is important. For infinitely large effective populations, higher mutation rates in mitochondria than in nuclear genomes are required to drive mitochondrial genes to the nuclear genome. In the more realistic case of finite populations, gene transfer favoring the nucleus and/or higher mutation rates in the mitochondrion will drive mitochondrial genes to the nucleus. We summarize experimental data that identify a gene transfer process mediated by vacuoles that favors the accumulation of mitochondrial genes in the nuclei of modern cells. Finally, we compare the behavior of mitochondrial genes for which transfer to the nucleus is neutral or influenced by purifying selection.
Introduction
It is generally accepted that the genomes of mitochondria are the degraded descendants of free-living ␣-proteobacteria from which most of the coding sequences have been lost (Attardi 1985; Bulmer 1987; Kurland 1991, 1999; Andersson et al. 1998; Martin and Muller 1998; Gray, Burger, and Lang 1999) . To our knowledge, the smallest genome of a free-living ␣-proteobacteria is that of Bartonella henselae, with less than 2 million base pairs, and the largest is Bradyrhizobium japonicum, with 8.7 million base pairs (Roux and Raoult 1995; Kundig, Henneke, and Gottfert 1993) . The Bartonella genome encodes at least 1,600 proteins (Andersson et al., personal communication) . Accordingly, we used 1,600 proteins as a conservative estimate for the size of the proteome of the ␣-proteobacterial ancestor of the mitochondria. In contrast, of the known mitochondrial genomes, the largest is that of Reclinomonas americana, with 67 protein-coding genes, and the smallest is that of Plasmodium falciparum, with 3 protein-coding genes (Gray, Burger, and Lang 1999) . Most common are figures nested between 12 and 24 protein coding genes (Gray, Burger, and Lang 1999) .
At least two distinct modes of genetic loss have reduced the coding capacities of mitochondrial genomes from approximately 1,600 proteins in the free-living ancestor to 67 or less in a modern mitochondrion. One reductive mode is the loss of nonessential coding sequences. For example, mitochondria import, rather than synthesize, substrates such as amino acids, nucleosides, and pyruvate (Gray 1992) . Consequently, the genes encoding the corresponding biosynthetic activities might be purged from the mitochondrial genome by random mutations that are unopposed by purifying selection.
The second mode of genetic loss involves the transfer of essential genes from the mitochondrial genome to the nuclear genome. Indeed, nearly all of the genes required for the function and propagation of mitochondria normally reside in the host nucleus (Gray 1992) . Some of these have originated from the proteobacterial ancestor, but a significant fraction have arisen within the eukaryotic genome (Andersson and Kurland 1999; unpublished data) . In the yeast Saccharomyces cerevisiae, in which the nucleus encodes more than 400 mitochondrial proteins, at most half of these are of bacterial origin, while the remainder seem to be of eucaryotic origin (Andersson and Kurland 1999; unpublished data) . Here, the mitochondrial genome encodes only 17 proteins. Thus, the ancestor's genome has been reduced in yeast to roughly 200 genes, mostly residing in the nucleus.
The reasons for the asymmetrical distribution of mitochondrial genes between the mitochondrial and nuclear genomes are the subject of the present study. We ask why redundant genes are not lost from the nucleus as often as they are from the mitochondrion. Similarly, we ask why the essential genes for the mitochondria are not encoded primarily within the genome of the organelle rather than in the nucleus.
The asexual reproduction of mitochondria might lead to a faster accumulation of deleterious mutations either due to reduced selection efficiency from hitchhiking effects or due to the influence of Müller's ratchet (Felsenstein 1974; Kurland 1992; Lynch 1997; Bergstrom and Pritchard 1998) . The details of these two mechanisms are slightly different, but both could, in principle, enhance the mutational load on genes in the mitochondria by reducing both the effective population size and the intensity of purifying selection for mitochondrial genomes. If there was a bias in the partitioning of the mutational load between the mitochondrion and the nucleus, this might drive the transfer of sequences from the high-load to the low-load compartment, with an attendant improvement in cell fitness.
In addition, the cellular processes supporting the transfer of coding sequences from one genome to the other might be much more efficient in one direction than in the other. Transfer of coding sequences from mitochondria and chloroplasts to nuclear genomes has been documented in a variety of organisms Martin and Herrmann 1998; ). More to the point, an experimental system to study and quantify the transfer of sequences between mitochondrial and nuclear genomes in the yeast S. cerevisiae has been developed by Fox (1990, 1993) . Thorsness and his collaborators have used this system to study a number of mutant alleles that influence the transfer frequencies of coding sequences to the nucleus (Thorsness, White, and Fox 1993; Hanekamp and Thorsness 1996; Weber, Hanekamp, and Thorsness 1996; Campbell and Thorsness 1998) . They suggest that a primary pathway for the uptake of mitochondrial sequences by the nucleus may be provided by autophagy of mitochondria in cellular vacuoles (lysosomes). Here, nucleic acid fragments liberated during the destruction of mitochondria could provide intermediates for sequence transfer to nuclei.
Most important in the present context is that Thorsness and Fox ( , 1993 were able to estimate frequencies of transfer of intact genes between mitochondrion and nucleus. These frequencies for wild-type cells are roughly one transfer per 10 5 generations to the nucleus from mitochondria and less than one transfer per 10 10 generations in the opposite direction. Since autophagic vacuoles are ubiquitous in eukaryotes, preferential transfer of genetic sequences from mitochondrion to nucleus is likely to be a normal occurrence. However, we do not know just how polar the transfer processes are in other organisms.
Armed with the results of Fox (1990, 1993) , it would be possible, as also suggested by an anonymous referee, to model the transfer to the nucleus from the ancestral symbiont or mitochondria as though it were a one-step process. However, by so doing, relevant biological details of the transfer process would be lost. Therefore, we used somewhat more detailed mathematical models to study both finite and infinite populations with either haploid or diploid gene complements. The consequences of transfer processes that are neutral and selective are discussed. We find that under realistic conditions, the transfer from mitochondria to nuclei is inevitable for genes that can function equally well in the mitochondrion and in the nucleus.
A Neutral Model for Gene Transfer
For simplicity, we consider a population of a unicellular organism. There are two requirements for the functional transfer of a gene from mitochondria to nucleus. One is the possibility of copying coding sequences from the mitochondria to the nucleus. The other is the necessity of directing gene products expressed from nuclear genes to their sites in mitochondria. In addition, the mitochondrial gene copy eventually should be purged from the organelle's genome, since it is observed that most mitochondrial genes reside only in the nucleus.
Again, it is simplest to consider the compound event of copying and addressing together as a transfer event that produces a functional mitochondrial gene in the nucleus. Once a mitochondrial coding sequence is copied (transferred) to the nuclear genome, fixation there can be driven by mutations that inactivate the mitochondrial copy. Thus, at least two distinct processes, transfer and mutation, are required before a gene from the mitochondrial genome has been displaced to the nucleus. The models below were developed to investigate how the rates for the individual steps, their reverse processes, and the effective population size influence this displacement.
Haploid Cells at Infinite Population Size A mitochondrial gene (or set of genes) that has a functional copy in the mitochondria but not in the nucleus is assigned the Mn genotype. The genotype is denoted mN when a functional copy of the gene is in the nucleus but not in the mitochondria. Functional copies in both mitochondria and nucleus correspond to the genotype MN, while mn corresponds to a cell with no functional copies of the gene. The designations Mn and mn also include the active gene copies in the nucleus but an inability to import the gene product into the mitochondria. Here, we assume that the genotype mn is lethal; i.e., we consider only essential genes. Initially, the states corresponding to Mn, MN, and mN are taken as functionally equivalent, i.e., the transitions between these states are neutral. We suspend the neutral constraint below in the section on selection.
The evolutionary scheme for gene transfer and mutation will be
A mitochondrial gene is transferred as a functional gene into the nucleus with rate c 1 (per cell and per unit time). Based on the data of Fox (1990, 1993) , we expect c 1 ϭ 10 Ϫ5 P adr , where P adr is the probability that the gene product receives the appropriate address for reimport into the mitochondria before the gene copy is inactivated. We note that the transfer experiments by Fox (1990, 1993) involved genes that functioned on a plasmid in the nucleus. Thus, P adr should also include the probability of incorporation into the nuclear chromosomes. P adr is not known, but for illustrative purposes we will assume in the calculations below some small number, P adr ϭ 1-10 Ϫ3 , where the value 1 is assigned to those genes that do not require an addressing sequence to transport their protein products to the mitochondria (Schatz 1996; Neupert 1997) .
The nuclear copy is inactivated by mutation with rate u 1 , while the mitochondrial allele is inactivated with rate u 2 . If the fixation in a cell line is a neutral event in the cellular population, as is assumed for MN → mN, the effective substitution rate in the cell line is also the same as the rate of appearance of the mutation, u 2 (Kimura 1962). Thus, the rate u 2 implies both the mutational appearance in one mitochondrion and the subse- (Drake 1991) . Here, an inactivating mutation is essentially irreversible, since it can be generated at many sites and in many ways, while reversion through back mutations for any one such mutant can occur only at one (or at most a few) sites. For completeness, we consider also the possibility of gene transfer from the nucleus to the mitochondria with rate c 2 . Fox (1990, 1993) never observed such an event and estimated c 2 Ͻ 10 Ϫ10 , which for our purposes is negligible. We consider significantly larger values as well, because such transfers may be more efficient in organisms other than yeast.
In order to be realistic, the scheme also needs to account for the consequences of mating and gene exchange. We assume first that a mating between two host cells implies an exchange of nuclear genes. Then, only mating between the genetic variants Mn and mN will lead to changes in the phenotypes of the progeny:
Alternatively, we could consider a mating between two host cells as the copying of coding sequences in one nuclear genome by homologs in the other. Then, there are two possible results of a mating:
In effect, there is little difference between these two pictures in the sense that the rates may differ but the consequences are the same.
In an infinite population, all variants are present simultaneously and the state of the population can be described by the fraction of cells that are represented by each genotype. The equations are described in the appendix; the results for u 2 Ͼ u 1 are shown in figure 1.
Due to the ease of generating the lethal mn genotype by mating, mN and Mn cannot be present simultaneously at significant frequencies. This incompatibility is clearly visible and accentuates the sharpness of the transition to takeover by mN. Thus, from scheme (1), there are two possible coexistent pairs: Mn ϩ MN or MN ϩ mN. Which of these pairs is present is determined largely by the ratio of u 2 to u 1 . If u 2 Ͼ u 1 , we find mN and MN approximately in the ratio (u 2 Ϫ u 1 )/c 2 . If, on the other hand, u 2 Ͻ u 1 , there is no takeover, and the end result is Mn and MN roughly in the ratio (u 1 Ϫ u 2 )/c 1 . In this limit, there will always be more Mn than mN present, and the mating terms (eqs. 2a and b), will remove all newly created mN. Thus, a strong polarity in the transfer rates, c 1 k c 2 , is not sufficient by itself to drive the transfer to the nucleus in this case. In an infinite population, effective transfer requires a mutational drive with u 2 Ͼ u 1 . In other words, as long as mutations are more frequent in the mitochondria than in the nucleus, there is a very distinct deterministic behavior leading to the fixation of mN independent of the initial state.
In these calculations, we assume that . SetuЈ ϭ u 2 2 ting does not change the shape of the curves uЈ Ͼ u 2 2 but speeds up the takeover somewhat. If the genetic state mn is not lethal but strongly counterselected (by s Ͻ 0), the result looks very much like that of figure 1 as long as ͦsͦ k u 1 . Smaller values of ͦsͦ, however, give incomplete takeover and lead to coexistence of Mn and mN.
Diploid Cells at Infinite Population Size
Very similar results are obtained for diploid nuclear genomes in an effectively infinite population size. In this case, there are five possible genetic states (Mnn, MNn, MNN, mNN, mNn) plus one lethal state (mnn). The transfer processes can be described for diploids in the following diagram:
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leads to recombination and segregation of nuclear genes from both cells according to the usual rules. In contrast, only the maternal mitochondrial genes are passed on to the progeny. Here, we assume that only one cell within each mating pair is the ''mother.'' The results of the diploid model in scheme (3) are very similar to those for the haploid case. When u 2 Ͼ u 1 , there is a takeover by mNN, and this takeover takes place in two steps with MNN as a dominant intermediate ( fig. 2) . When there are no matings, the takeover on the same timescale is more gradual, and MNN is not a dominant intermediate. The timescale for the takeover is also roughly the same as that for the haploid case, with equivalent values of c 1 , u 1 , and u 2 .
Haploid or Diploid Cells in a Finite Population
In the infinite population, no variant is ever totally lost, since even the smallest fraction corresponds to an infinitely large number of individuals. Here, a population will behave as infinite for changes with rate u if uN H k 1, where N H is the population size of the host cells. On the other hand, for transfer processes operating within a finite population, mN can be fixed by random drift. In a finite population, transitions between genetic states are rare, but they are rapid when they do occur. Accordingly, we consider the probabilities that the populations are in genetic states Mn, MN, or mN, respectively. Furthermore, since Mn and mN are not likely to occur simultaneously, there will be little contribution from mating terms. In fact, whenever Mn and mN do occur together, mating is most likely to destroy both and recreate MN (cf. eqs. 2a and b). Thus, any appearance of mN before MN has taken over completely will only hasten the disappearance of Mn, thereby, effectively increasing the rate c 1 . Thus, for the finite population, there is little coexistence of different genotypes, except during the short periods of actual takeover. In this case, the haploid scheme (scheme 1) simplifies to
Scheme (4) is a standard two-step transformation that can be solved analytically. If the transfer rates (c 1 and c 2 ) to mN and Mn, respectively, are smaller than the mutation rates, MN will only be a short-lived transition state on an evolutionary timescale. The probability of finding the population in state mN rather than Mn is determined by the ratio c 1 u 2 /c 2 u 1 . Thus, the probability of eventual takeover by mN is given by P ϭ c u /(c u ϩ c u ϩ c c ).
In this case, a strong polarity in the transfer rates, c 1 k c 2 , is extremely important. This polarity will drive the effective transfer even if mutations cannot do so, which is an important difference between the finite and infinite population schemes. According to this finite scheme, the effective rate of transfer, Mn → mN, can be written as
If there is a nonvanishing rate of gene transfer to mitochondria as well, c 2 Ͼ 0, the effective rate of reversal, mN → Mn, will be
In effect, this scheme suggests that for a finite host population, the transfer is an inevitable consequence of neutral drift, as long as a polarity in transfer, c 1 u 2 k c 2 u 1 , exists. Since these changes were assumed to be neutral, the rates of fixation (c 1 , u 1 , and u 2 ) in the population are the same as the rates of appearance in a single cell. If the host population is small, it takes a larger selective advantage or disadvantage for a given genotype to affect the fixation probability than in it does in large populations. Accordingly, the transitions to MN and mN in small populations are more likely to be effectively neutral, as assumed in these calculations.
For a diploid in a finite population, the transfer scheme can be reduced in a similar way. If c 1 is the rate of transfer of one gene copy in one cell, the population will begin with one individual in state MNn and the rest of the cells in state Mnn. For a neutral change, the fixation probability will be 1/2N H , so the effective rate of transformation of the population from state Mnn to state MNN is c 1 /2. Similarly, an inactivation in a nuclear gene copy would be fixed in the population with rate u 1 /2. Thus, the scheme will be
and the effective transfer rate from Mnn → mNN is R ϭ c u /(u ϩ 2u ϩ c ). 
Apart from some factors of 2, the scheme for a finite diploid population is identical to that for a finite haploid population.
The results for a finite population size are displayed in figure 3, using the same parameters as in figure 1 , and in figure 4 for a range of different parameter values. The calculations describe the probabilities that the population is of one particular genotype, but they do not describe the transition states when the population is FIG. 4. -Results for the haploid scheme with a finite population size. Only the probability for the takeover by variant mN is shown. The solid curve uses the same parameter values as in figures 1-3. The other curves were generated from the solid one by changing one parameter value, from left to right: curve 1 with c 1 ϭ 10 Ϫ5 ; curve 2 with u 2 ϭ 5 ϫ 10 Ϫ7 ; curve 3 (solid) with c 1 ϭ 10
Ϫ7
, c 2 ϭ 10 Ϫ10 , u 1 ϭ 5 ϫ 10 Ϫ8 , and u 2 ϭ 2 ϫ 10
; curve 4 with c 2 ϭ 10 Ϫ8 ; curve 5 with u 1 ϭ 10 Ϫ6 ; curve 6 with c 1 ϭ 10
Ϫ8
mixed. The probability for a takeover by mN is given by equation (5), and the timescale for the takeover is determined by the inverse of the effective transfer rate given in equation (6). These two equations describe all the results shown in figures 3 and 4. In most of the calculations, we used a strong polarity, c 1 /c 2 ϭ 10 3 . When the polarity is weaker than expected from the data of Thorsness and Fox (1990) , the takeovers are less complete (see curve 4 in fig. 4 ). If the mutation rates u 1 and u 2 are of similar magnitudes and c 1 is smaller, the takeover time is determined primarily by 1/c 1 (see curve 6 in fig. 4 ). Assuming that the probability of attaching an addressing sequence for reimport into the mitochondria of the gene product, P adr , is on the order of 1-10 Ϫ3 , the takeover time may be on the order 10 6 -10 8 generations. If c 1 is much larger than the mutation rates, e.g., if P adr ϭ 1, the effective transfer rates from equations (6) and (9) will simply be equal to the mutational inactivation rate, u 2 (see curve 1 in fig. 4 ). If u 1 k u 2 while retaining a strong polarity, c 1 u 2 k c 2 u 1 , the takeover is considerably slowed down (see curve 5 in fig.  4) .
If the rate of copying of a gene into the nucleus is very large, one would expect every present-day mitochondrial gene to have a large number of inactive copies in the nucleus. The average number would be given by the ratio of the copying rate and a rate of removal of nuclear genes. We did not find any significant amount of present-day mitochondrial gene sequences in the yeast chromosomes. For this reason, we suggest that the copying rate is smaller than the removal rate in modern yeast.
The Influence of Selection
The results so far were calculated on the basis of two assumptions: (1) that there is no difference in efficiency (fitness) between the variants Mn, MN and mN and the gene under study is essential so that the genotype mn is lethal, and (2) that all alleles within a given genotype, such as M or m, have identical phenotypes.
There are, however, some departures from these assumptions that could be relevant to real populations.
First, it is conceivable that a particular gene may be more effective if it is expressed within the mitochondria rather than in the cytoplasm. In other words, the configuration Mn may be significantly more fit than mN. In such cases, selection will oppose the transfer to the nucleus of the mitochondrial gene. This sort of inequality may in fact be relevant to the relatively small number of genes that have been retained in modern mitochondria (see Discussion).
Second, we must also consider the contingencies for which there are selective advantages that provide an additional drive for the transfer. Such advantages may be expressed in the phenotype of the host cell or that of the mutated mitochondrion. Thus, when the mutant mitochondrial phenotype, m, leads to an intracellular advantage for mitochondria carrying the mutation, the fixation rate u 2 will be larger than the nominal rate of mutation. For example, mutational inactivation or deletion of a mitochondrial gene might lead to faster replication of the mutant genome. However, this sort of intracellular propagation advantage (or disadvantage) initially will only affect the small number of mitochondria within one cell. Indeed, it is not necessarily so that a cell with more rapidly propagating mitochondria will have a growth advantage (or disadvantage) over other cells. When the rapidly propagating mitochondria do not influence the cell growth rates, cells with this mitochondrial variant will fare within the population as neutral mutants. Thus, to be effective on the cellular level, the mitochondrial variant must confer an advantage on the cell that is expressed as an enhanced selection coefficient, sЈ Ͼ 1/N H .
Indeed, a mitochondrion with a smaller genome might be propagated faster than that with a larger one for at least two reasons (Kurland 1992) . First, were a mutant mitochondrion to arise with 1% of its genome deleted, this might be reflected in a ca. 1% replication rate advantage for the mutant. Likewise, a gene that is not expressed, or one that is either deleted or transferred, could provide a growth advantage for the mitochondrion by reducing resources allocated to protein synthesis. In general, we expect the inactivation and deletion of coding sequences that have been transferred to the nucleus to enhance the intracellular growth efficiency of the mitochondria.
Similarly, there might be mitochondrial phenotypes that affect the fitness of the host cell and hence affect its ability to compete at a population level. For example, two gene copies might be better or worse than one, such that MN has higher or lower fitness than mN and/or Mn. A nuclear copy could be more (or less) efficient than a mitochondrial one. However, we do not know of any general tendency toward such selective differences.
Other population (N H ) is very large, u 2 N H Ͼ 1, which seems unlikely to be a general condition. The transfer of a mitochondrial gene to its nuclear partner may initiate a selection process at the level of the cell population. Initially, there would be a single MN variant in a population of Mn. If the mitochondria carry a diversity of alleles for this gene, the transfer will involve just one (N*) of these alleles. The transferred allele could be better or worse than the majority of the mitochondrial ones. If, by chance, MN has received a better allele, MN*, than the average of M, then there would be a selective advantage of MN* over Mn. Since there is no linkage between the nuclear gene and the mitochondrial one, MN* would, on average, carry an average mitochondrial M gene.
There are now two mutually exclusive possibilities: either MN* → mN* or MN* → Mn. If we assume that there are equal expression levels and an averaged fitness for the combination of gene products formed by MN*, we can deduce the consequences of these two alternative outcomes. Hence, when N* is a worse-than-average allele in the nucleus, there is a selective disadvantage of mN* compared with MN* and a corresponding advantage of Mn over MN*. Such inequalities would favor a return to Mn rather than fixation of mN*. On the other hand, a better-than-average allele N* would be expected to confer a selective advantage for mN* over MN* and a disadvantage for Mn over MN*. This in turn would shift the outcome in favor of fixation of mN* rather than a return to Mn.
Both of these scenarios suggest that mitochondrial genes that are fixed in the nucleus will tend to correspond to alleles with greater fitness on average than those originally distributed among the mitochondria. In effect, the transfer to the nucleus should be attended by a degree of purifying selection. The magnitude of this effect can be calculated (see appendix); the increase in average fitness after transfer is
where is the variance in the fitness of the alleles of 2 s the mitochondrial gene and N H is the size of the cell population. This can be a significant effect only if the diversity of mitochondrial alleles is large, a condition that could be particularly important where mitochondria are subject to Müller's ratchet. In this case, the majority class of mitochondrial genomes is not a clone, but a mixture of genetically diverse variants, each with a roughly equivalent mutant load that is distributed over the different coding sequences. In this case, there would be significant diversity for the load in individual genes. Hence, the purifying effect in the transfer process could well be large, and the effective transfer rate would increase to a corresponding degree.
Discussion
As expected from the outset, if the mutation rate is higher in the mitochondrion than in the nucleus, a transfer process combined with purifying selection will lead to the preferential accumulation of mitochondrial coding sequences in the nuclei of cells in effectively infinite populations. Here, even with a highly polar transfer process, a higher mutation frequency in mitochondria than in nuclei is required for the disappearance of a gene from the mitochondrion and its fixation in the nucleus. The model for infinite population size is of doubtful relevance to most natural populations, but it does represent an important limiting case with distinct deterministic behavior. In particular, it is useful for demonstrating the incompatibility of some of the mixed genotypes, such as Mn and mN. Furthermore, the mutation rates for the mitochondria of many organisms are not significantly higher than those of the corresponding nuclei (Wolfe, Li, and Sharp 1987; Palmer and Herbon 1988; Lynch 1996 Lynch , 1997 . Therefore, we need to look to finite populations for a model of gene transfer that is more generally applicable.
A different constraint is required for the fixation of mitochondrial genes in nuclei and their disappearance from the organelle genome in the more realistic situation of finite populations. Thus, finite populations are not deterministic in their behavior. Instead, they fix genes in nuclei and lose genes from mitochondria by genetic drift, i.e., by statistical fluctuations. Accordingly, the relative mutation frequencies will influence the average rates of transfer, but they do not by themselves determine the end point of the process. Here, even if the mutation frequencies in mitochondria are lower than those in nuclei, as long as the cellular processes are biased to a comparable degree to favor transfer from mitochondria to nuclei, mitochondrial genes will be fixed in the nucleus.
Happily, we found in the yeast literature the prototype of a preferential transfer mechanism from mitochondria to nucleus Fox 1990, 1993) . The reasons why we expect this process to be highly polar in all organisms are straightforward. The introduction into mitochondria of exogenous coding sequences such as those on plasmids is notoriously difficult. It has been accomplished routinely only in yeast, but even there it requires ''high velocity microprojectile bombardment'' ). In other words, the one experimental system that permits the transfer of coding sequences into mitochondria requires that the exogenous sequences be shot into the cells to obtain the appropriate physical penetration of some mitochondria. This suggests that there are normally effective physical barriers to the transfer of coding sequences into mitochondrial genomes that would bias transfer in favor of nuclei.
In addition, the vacuoles that are responsible for mediating the transfer of nucleic acid fragments to the nuclei of yeast cells are ubiquitous (Thorsness, White, and Fox 1993; Hanekamp and Thorsness 1996; Weber, Hanekamp, and Thorsness 1996; Campbell and Thorsness 1998) . Apparently, the vacuoles facilitate transfer by degrading mitochondria and thus liberating nucleic acid fragments suitable for incorporation into nuclei. Since the reverse process of nuclear digestion and transfer of the resulting nucleic acid fragments to mitochondria would be lethal to a cell, the vacuole-dependent transfer is necessarily unidirectional. For these reasons, we are inclined to believe that preferential transfer of coding sequences to nuclei is the rule rather than the exception. Nevertheless, the transfer bias is not absolute. An occasional transfer from nucleus to mitochondria may occur as a result of other processes, particularly in cells for which the mitochondrial mutation rates are relatively low, such as those of plants ( Thorsness and Weber 1996; Martin and Herrmann 1998) . Indeed, it would be useful to obtain estimates of gene transfer rates from mitochondria to nuclei in many more organisms, since it is unlikely that the absolute values of transfer parameters estimated for yeast are relevant to all cells.
In the transfer models based on either finite or infinite populations, the mutational load on mitochondrial coding sequences is expected to hasten the fixation of these genes in the nuclear genome. In both cases, the influence of purifying selection is maintained at the cellular level (Bergstrom and Pritchard 1998) . Here, we suggest that the transfer and fixation of mitochondrial sequences in the nucleus will tend to favor the most fit alleles of the mitochondrion. Accordingly, the transfer process may be viewed as a mode of purifying selection (see appendix).
The degree of purifying selection supported by the transfer process will depend very much on the aggregate sequence variation within the populations of mitochondria. In other words, the mutation frequencies of the mitochondrial genomes determine the range of fitness within which the transfer process can winnow the variants (see appendix). We expect that, all else being equal, the sizes of the mitochondrial genomes would be correlated with their total sequence variability. Accordingly, small contemporary mitochondria might not provide particularly fertile ground for this purification effect. However, the putative endosymbiotic ancestors of mitochondria are thought to have had genomes with sequence lengths in the millions (Andersson and Kurland 1999; Gray, Burger, and Lang 1999) . For this reason, we suggest that the purifying selection provided by transfer of sequences from mitochondria to nucleus was very much more important earlier in the evolution of the organelle than it is at present.
Transfer to the nucleus is but one of several mechanisms leading to the reduction in the coding capacity of mitochondrial genomes Kurland 1991, 1998; Kurland 1992) . Mutational meltdowns of dispensable sequences and deletions by replication slippage, as well as by intrachromosomal recombination, are also likely contributors to the reductive evolution of the mitochondrial genome (reviewed in Andersson and Kurland 1998) . Indeed, all of these reductive mechanisms would have been favored by competition within a cell between mitochondria in which those with smaller genomes could propagate faster than the larger ones (Kurland 1992) . This mode of selection would tend to reinforce the cellular selection mechanism that is implicit in the nuclear-transfer model.
Purifying selection can also oppose the transfer of genes to the nucleus if the corresponding gene products are less efficient when expressed in the cytosol rather than in the mitochondrion. A simple example of this would be a protein that is properly coded in the nucleus and expressed in the cytosol but inefficiently imported into the mitochondrion. Indeed, a coding sequence transferred to the nucleus is often provided with specific addressing signals to direct its product back to the mitochondrion via a specific transport system (Baker and Schatz 1991; Schatz 1996; Neupert 1997) . The great complication here is the variation in the requirements for a more or less defined addressing sequence to guide the protein back into the organelle. Some proteins require no addressing signal at all, others require rather ill defined leader sequences, and still others require a more strictly defined consensus sequence (Baker and Schatz 1991; Kadowski et al. 1996; Schatz 1996; Neupert 1997) .
Obtaining a very specific addressing sequence when it is needed might be a very slow process if the agency of chromosome recombination is the sole tagging mechanism. Obviously, the joining of the required signal sequences to newly transferred coding sequences would be greatly facilitated by mechanisms similar to contemporary splicing pathways for exons (Nugent and Palmer 1991; Covello and Gray 1992; Long et al. 1996) .
Potential intermediates in the process of gene transfer from mitochondria to nucleus have been identified in recent events in the evolution of legumes (Nugent and Palmer 1991; Covello and Gray 1992) . Briefly, the gene for cytochrome oxidase subunit 2 (cox2) is most often found in the mitochondrial genomes of plants. Nevertheless, among the legumes, transcriptionally active cox2 alleles are found in the nucleus, and they may or may not be accompanied by mitochondrial alleles. The exceptional legume here is the pea that seems to have a transcriptionally inactive nuclear allele and an active mitochondrial allele of cox2. In addition, the sequence of the nuclear copy seems not to have been copied from the unedited mitochondrial DNA, from which it was inferred that the intermediate for the original transfer event was an edited RNA copy. The finding of an intron between the transit signal sequence and the structural sequence of cox2 suggests that exon shuffling may have generated the active nuclear version. Finally, the phylogeny of the legumes and the patterns of active contra inactive alleles of cox2 are consistent with a simple transfer scheme (Nugent and Palmer 1991; Covello and Gray 1992) .
There is, however, a caveat. Bittner-Eddy, Monroy, and Bramble (1994) have found that a gene present in Neurospora crassa both in the nucleus and in the mitochondrion may be transcriptionally inactive or active in either genome at different stages in the life cycle of the organism. Thus, it is possible that further studies of the expression states of cox2 in the mitochondria and nuclei of legumes may reveal a more complex expression pattern than that reported initially.
Numerous other examples of genes that have been transferred from mitochondria to nuclei and then recruited for functions outside of the mitochondria can be found in the protein databases. Often, such genes are present in the nucleus as gene duplications with specific cellular targets such as the mitochondrion, the cytosol, and the peroxisome. Most spectacular is the recent discovery in Arabidopsis thaliana chromosome 2 of a nearly complete duplication of the entire mitochondrial genome (Lin et al. 1999) . Lin et al. (1999) have tentatively concluded that the transfer of this fragment is a relatively recent event.
There is still another dimension to the transfer of genes from bacterial genomes to the nuclear genomes of eukaryotes. Thus, a large number of genes with strong affinities to bacterial homologs and encoding enzymes with metabolic functions in the cytosol of eukaryotes have been identified (Doolittle et al. 1996; Keeling and Doolittle 1997; Feng, Cho, and Doolittle 1997; Rivera et al. 1998 ). However, in addition to putative ␣-proteobacterial homologs, there are a majority of other gram-negative and gram-positive bacterial groups that seem to be represented among the nuclearencoded genes of bacterial origins. It has been suggested that these were transferred to the nuclear genomes from the endosymbiotic bacteria that seeded the evolution of chloroplasts, hydrogenosomes, and mitochondria (Gogarten, Olendzenski, and Hilario 1996; Feng, Cho, and Doolittle 1997; Martin and Schnarrenberger 1997; Martin and Muller 1998) . It is also possible that many of these bacterial homologs were transferred to nuclear genomes following the digestion of bacteria by the vacuole-dependent mechanism described above. The point is that cell vacuoles may have facilitated such transfers from diverse bacteria that were not involved in the endosymbiotic events leading to organelle formation.
This brings us to the inevitable question of why there are any genes left in contemporary mitochondrial genomes. It is possible that those genes that remain are also on their way to the nucleus and that sequence technology has discovered the stragglers. Of course, the essential genes that code products that are the most difficult to reroute to the mitochondria from the cytosol might be the last ones to leave the mitochondrial genome. Here, it is worth recalling that there are only three mitochondrial proteins that are found in all mitochondria; these are the three respiratory chain proteins of the P. falciparum mitochondrial genome (Gray, Burger, and Lang 1999) . All of the other proteins coded by mitochondrial genomes are missing from the genome of at least one other mitochondrion (Gray, Burger, and Lang 1999) . Hence, it is possible that aside from these three proteins, the other mitochondrial proteins coded in mitochondrial genomes are simply stragglers.
On the other hand, we have noted that there could be mitochondrial gene products for which the transfer to the nucleus is not a neutral event. Indeed, the identities of the three proteins found in the P. falciparum mitochondrial genome are very suggestive. They may represent examples of a selected core of genes in the organelle's genome that must be coded by the mitochondrial genome so that they can regulate gene expression in the organelles (Allen 1993) . Thus, there is direct support for the idea that some proteins of the electron transport chain are exploited to provide a regulatory coupling between gene expression and the redox potential of chloroplasts, as well as of mitochondria in plants (Allen 1993; Allen, Hakansson, and Allen 1995; Galvis, Allen, and Hakansson 1998; Pfannschmidt, Nilsson, and Allen 1999; Race, Herrman, and Martin 1999) . The cox1, cox3, and cob genes found in the minimalist genome of P. falciparum's mitochondrion could provide this essential coupling. This is a particularly attractive interpretation, since these are the only proteins that are found in all characterized mitochondria (Gray, Burger, and Lang 1999) .
There are other mitochondrial-encoded proteins that could conceivably provide this regulatory coupling. However, they all belong to the group of 64 proteins that are found in the mitochondrial genome of R. americana but have been lost from the organelle's genome in one organism or another. At this point, it is not possible to say with confidence why this small, variable core of proteins remains in some mitochondrial genomes but not in others. WOLFE, K. H., W-H. LI, and P. M. SHARP. 1987 . Rates of nucleotide substitution vary greatly among plant mitochondrial, chloroplast, and nuclear DNAs. Proc. Natl. Acad. Sci. USA 84:9054-9058.
APPENDIX

Equations for Gene Transfer in an Infinite Haploid Population
Let f 0 denote the fraction of cells that are MN, f 1 those that are Mn, and f 2 those that are mN. Since the genetic state mn is assumed to be lethal, each time an event leads to the formation of mn it is removed. In order to keep the total population size constant, all variants are increased in proportion to their present fractions. The variants, Mn, MN, and mN are assumed to be selectively neutral variants. We also assume that there are a total of kN H matings in the population per unit time. Based on schemes (1) and (2a), we obtain the following equations: 
The terms in the rate equation, for example, for Mn with fraction f 1 , can be explained in order of appearance as follows:
Ϫkf 1 f 2 is the loss of Mn through mating with mN (scheme 2a).
kf 1 f 2 f 1 is the creation of the lethal mn through mating Mn ϩ mN, which is subsequently redistributed to Mn in the proportion to f 1 .
Ϫu 2 Јf 1 is the loss of Mn through an inactivating mutation in M, which produces the lethal mn. This is subsequently redistributed to Mn in proportion to f 1 to give the term u 2 Јf 1 f 1 .
u 1 f 0 is the mutation rate for MN → Mn. u 1 f 2 f 1 is the mutation rate for mN → mn (with rate u 1 f 2 ), which is redistributed to Mn in proportion to f 1 .
Ϫc 1 f 1 is the transfer rate for Mn → MN. Using scheme (2b) rather than scheme (2a) leads to a replacement of k by k/2 in equation (A1); this is of little consequence to the final result. The equations can easily be integrated numerically.
